The effects of end wall conditions and aspect ratios on the surface pressure and the local drag coefficients of a circular cylinder were examined experimentally at a blockage ratio of 3.0% and a Reynolds number of 8000. Both end walls supporting the cylinder were flat plates with different tip conditions on which transitional boundary layers were formed. The ratio of the boundary layer thickness to cylinder diameter at the cylinder position was 0.60 and 0.83, and the aspect ratio was varied from 8 to 32. Regarding the thick wall boundary layer, the base pressure coefficient along the cylinder axis was mostly constant for all aspect ratios, with the exclusion of the end wall vicinity, but rapidly rose as the aspect ratio decreased. In the case of the thin wall boundary layer, the base pressure coefficient was very little constant along the cylinder axis, but the difference for various aspect ratios was relatively small. The local pressure drag coefficient at the mid-span increased in the case of the high aspect ratio and the thin boundary layer.
Introduction
It is well known that the aerodynamics of a circular cylinder is strongly affected by the ratio of the cylinder diameter to wind tunnel width, also called the blockage ratio. West and Apelt (1982) indicated that the effects of the blockage ratio on the pressure distribution and the drag coefficient of a circular cylinder were small for blockage ratios less than 6% in Reynolds numbers ranging between 10 4 and 10 5 .
On the other hand, there were only a few investigations concerning aspect ratios which were the ratio of length to the diameter of a cylinder. Stansby (1974) showed that by using a pair of designed rectangular end plates, the base pressure largely dropped and became constant in the wide range along the cylinder span. Yamada (1992) studied the effects of the aspect ratio on the pressure coefficient, and the spanwise variations of base pressure and vortex shedding became fairly small when using circular end plates with suitable diameters. Szepessy and Bearman (1992) investigated the effect of the aspect ratio on vortex shedding on a wide range of Reynolds numbers by using rectangular plates, but did not widely vary the aspect ratio. Furthermore, Norberg (1994) carefully carried out his experiments by using a pair of flange-type end plates to examine aspect ratio effects on the mid-span feature of the Strouhal number and base pressure coefficient for a wide range of Reynolds numbers and aspect ratios under a low blockage ratio. He proposed a significant idea for "the required aspect ratio" defined as the smallest aspect ratio needed to obtain aerodynamic features of a quasi-infinite cylinder. He came to the conclusion that aspect ratios as large as L/d=60-70 were needed for the range Re=4×10 3 -10 4 .
As mentioned above, the previous investigations seem to have different results because careful attention had not been paid to the end conditions. In the vicinity of the circular cylinder end that connects to the end wall surface on which the boundary layer grows, three-dimensional flows, such as secondary flows and necklace vortices, should be produced. Therefore, the end wall effect on the aerodynamics of the cylinder should be brought from the interference between the cylinder flow and the wall boundary layer. This is to say, the end wall effect may be decided by end conditions such as the traditional level and the thickness of boundary layer. However, there is lack of knowledge about end conditions enough to provide good aerodynamics of a cylinder.
The aim of this investigation is to clarify the conditions of end walls and aspect ratios in order to realize the aerodynamics of a quasi-infinite circular cylinder, based on the spanwise variation of base pressure. Therefore, the surface pressure and drag coefficients at the cylinder mid-span position, and the base pressure coefficient along the cylinder axis in various aspect ratios, were experimentally examined under a low blockage ratio by using two types of end walls. Fig.1 ) x,y,z : streamwise, cross-streamwise, and spanwise coordinates (see Fig.1 ) X L : distance measured from leading edge of end wall (see Fig.1 
Nomenclature

Apparatus and procedures
Experimental apparatus
In the experiments, a blow down wind tunnel with a test section 330 mm high and 500 mm wide was used. The turbulence intensity in the free stream was less than 0.8%. A circular cylinder with a pressure tapping hole was supported by two end plates in the free stream, as shown in Fig.1 . The free stream velocity was set by measuring the differential pressure between the stagnation pressure of the circular cylinder and the static pressure in the free stream. The diameter of the cylinder and the pressure hole were d=10 mm and d P =0.32 mm, respectively. The surface pressure from the small hole was measured by Göttingen type manometer, and was exhibited as the pressure coefficient C p . The maximum error of the surface pressure coefficient was estimated to be about 5.0%. As the blockage ratio d/W was 3.0%, the influence of the blockage was not considered. The aspect ratio L/d was altered between 8 and 32 by moving two end walls. The Reynolds number of 8000, based on the cylinder diameter and the uniform flow velocity U 0 , which is very close to the upper subcritical Reynolds number region was selected in this experiment.
Design of the end wall
Two types of end walls were planned. The circular cylinder was set at a position 100 mm downstream of the leading edge of end wall. The 10mm thickness acrylic plate was employed as the end wall, and the leading edge was transformed into two different shapes. In the case of the end wall called "angle type," an L-shaped metal angle, 30 mm×10 mm size and 1.0 mm thickness, was attached to the front edge of the end wall plate, as shown in Fig.2(a) . In the other case where the end wall was called "trip-wire type," the front edge of the end wall was transformed into a long semielliptical shape (Long : Short = 4 : 1). In addition, a trip wire, 0.55 mm in diameter, was attached to the position of X L =15 mm in order to generate a turbulent boundary layer, as shown in Fig.2(b) .
: diameter of pressure hole on circular cylinder
Boundary layer on the end wall
The velocity profile of the boundary layer on the end wall was measured by a small handmade pitot tube at the position of X L =100 mm for the condition of U 0 =10 m/s and L=240 mm. The velocity profiles showed that the boundary layer thickness δ (=δ 99 ) was equal to 8.3 mm for the angle type end wall, and equal to 6.0 mm for the trip-wire type end wall. Fig.3 shows the velocity profiles, normalized by the uniform flow velocity U 0 and the boundary layer thickness δ, in the boundary layer on two type end walls. The normalized velocity profiles for the two types of end walls were similar to each other, but neither coincided with the Blasius solution nor the 1/7 power law. On the other hand, they were close to the 1/4 power law. Therefore, it was considered that a transitional boundary layer or a nominal turbulent boundary layer on both end wall types was formed. The transitional level of the boundary layer is often exhibited by the shape factor H defined as the ratio of displacement thickness to momentum thickness. The shape factor obtained from the velocity profile was 1.62 for the angle type end walls, and 1.72 for the trip-wire type. It is guessed from Fig.3 that the velocity defect near the wall is a little large for the trip-wire type rather than for the angle type. Figure 4 shows the distribution of the surface pressure coefficient C p measured along the circumference at the central spanwise position of the circular cylinder supported by a pair of the same type of end walls. Fig. 4(a) and (b) correspond to the distributions for the angle type end walls and for the trip-wire type, respectively. The aspect ratio L/d defined as the ratio of the distance between the two end walls against the cylinder diameter was varied in the range of L/d = 8-32. It is noted that the effect of the aspect ratio on the surface pressure distribution for the angle type of end walls is larger than that for the trip-wire type. Furthermore, the pattern of the pressure distributions in the θ > 70° range are different from one another, even when the aspect ratio is large, L/d = 32.
Results and discussion
Surface pressure distribution
The pressure distributions on the rear side (θ = 90-180°) of a cylinder is different depending on both the end wall type and the cylinder aspect ratio. In the case of the angle type end walls, the pressure is almost constant, and increases rapidly as the aspect ratio decreases. On the other hand, in the case of the trip-wire type end walls, the pressure becomes low toward θ = 180°, and increases gradually as the aspect ratio decreases. The variation of the base pressure appears stronger for the angle type of end walls than for the trip-wire type.
The position and value of the point which takes the lowest pressure is also different depending on both the end wall type and the cylinder aspect ratio. For all aspect ratios in the trip-wire type end walls, the surface pressure coefficient takes a minimum value at approximately the same position of θ = 70°. In contrast, in the angle type end walls, the position which takes the lowest pressure moved forward as the aspect ratio decreases.
It is appreciated from Fig.4 that the variation of the base pressure for the narrow range of boundary layer thickness (δ/d=0.60-0.83) is fairly larger than that for the wide range of aspect ratio (L/d=8-32). In addition, it is also supported from Fig.5 . Therefore, the surface pressure distribution may be strongly affected by the boundary layer thickness on the end wall.
Spanwise distribution of base pressure
Figure 5(a) shows the spanwise distribution of the base pressure coefficient in the case of the angle type end walls. All the spanwise distributions are similar to the spanwise distribution of the circular cylinder with end plates measured by Stansby (1974) , that is to say, the base pressure rapidly decreases in the vicinity of the circular cylinder end and is almost constant in the spanwise range z/d > 2. However, it is noticed that the values of the constant base pressure depend on the aspect ratio of a circular cylinder and increase with decreasing the aspect ratio. Fig.5(b) shows the spanwise distribution of the base pressure coefficient in the case of the trip-wire type of end walls. The spanwise variation pattern in the case of the trip-wire type does not correspond to that in the angle type. It is found that all base pressures are lower than that in the angle type and are dented in the outside edge of the boundary layer on the end wall.
(a) Angle type end walls (δ/d=0.83) (b) Trip-wire type end walls (δ/d=0.60) Fig.4 Surface pressure distribution at the central spanwise position (Re=8000) There may be a secondary flow in the vicinity of the dent in the spanwise distribution; therefore, the base pressure along the cylinder axis expresses a little variation. Toy and Fox (1986) experimentally examined the base pressure distribution along a square cylinder axis at the Reynolds number of 1.6×10 4 . The spanwise variation pattern of a square cylinder in the vicinity of the end wall is similar to that in the case of the trip-wire type. There may be a weak secondary flow on the rear side of the square cylinder as well as the circular cylinder with the trip-wire type end walls.
(a) Angle type end walls (δ/d=0.83) (b) Trip-wire type end walls (δ/d=0.60) Figure 6 shows the base pressure coefficient at the mid-span position for the two types of end walls at the Reynolds number Re=8000. The dashed line represents the result measured by Norberg for the aspect ratio L/d=80 at the same Reynolds number. As the aspect ratio increases, the present base pressure coefficient rapidly decreases for the angle type end walls rather than for the trip-wire type. The base pressure coefficient for the angle type and for the trip-wire type end walls is approximately given by the following equations (1) and (2).
Effect of the aspect ratio
The base pressure coefficient approaches the Norberg's value using the flange-type circular end plates as the aspect ratio increases. In the present experiments the required aspect ratio is assumed to be approximately 50 for the two types of end walls. Norberg mentioned that the results in a quasi-infinite circular cylinder in the range Re= 4×10 3 -10 4 were realized in the required aspect ratio L/d=60-70 by using the circular end plates. However, because the exact boundary layer thickness on the circular end plate used by Norberg is not known, the discussion cannot be developed concerning the boundary layer feature. At least, it is clear that the present results express that the thinner the boundary layer on the end wall is, the smaller the effect of the aspect ratio is. The effects of the end wall conditions and aspect ratios on the drag coefficient of a circular cylinder have been hardly investigated in detail. Exceptionally, West-Apelt represented that the local pressure drag coefficient at the mid-span position was almost constant at the aspect ratio L/d=40 in the circular cylinder with the rectangular end plates at the Reynolds number Re=2.2×10 4 and the blockage ratio of 3.5%. Fig.7 shows the local pressure drag coefficient at the mid-span position for the two types of end walls at the Reynolds number Re=8000. The following equations (3) and (4) represent the local pressure drag coefficient for the angle type and for the trip-wire type end walls, respectively.
The drag coefficient in the high aspect ratio L/d=32 is fairly close to the value given by Wieselsberger. From Fig.7 the required aspect ratio is assumed to be approximately 42 for the trip-wire type of the end walls with a relative boundary layer thickness of δ/d=0.60, and approximately 51 for the angle type with δ/d=0.83. The required aspect ratio supposed from the base pressure and drag coefficients may be almost equal to 50.
Conclusion
The effects of the end wall conditions and aspect ratios on both the surface pressure and the drag coefficient of the circular cylinder were studied under a low blockage ratio at the Reynolds number Re=8000. The experimental result reveals the following.
Although the difference in the boundary layer thickness for the two types of end walls is fairly small, the surface pressure distribution may be strongly affected. In the case of δ/d=0.83, the base pressure coefficient along the cylinder axis is constant for all aspect ratios, except that in the vicinity of the end wall, but rapidly rises with decreasing the aspect ratio. In the case of δ/d=0.60, the base pressure coefficient is very little constant along the cylinder axis, but the difference in the base pressure for different aspect ratios is relatively small. The thinner the boundary layer on the end wall is, the smaller the effect of the aspect ratio is. The required aspect ratio is supposed to be almost equal to 50.
